The aim of this paper is to examine whether the use of baffles in a combustion
Introduction
Biomass as a fuel, when compared to coal, has a lower energy density thus being more difficult to handle. Its chemical composition causes deposits resulting from combustion which in turn lead to slagging and fouling as the problems with which engineers are confronted. The important property of a straw is its volatile content. For the wheat straw, volatile content is 71%, ash 8.9%, fixed carbon 20%, according to [1] . Similar data can be found in [2] . In other words, we are dealing with approximately gaseous-like solid fuel, and this fact should be taken into account when designing a furnace, if efficient and eco-friendly boiler is to be made.
According to the performed tests reported in [3, 4] , the efficiencies of straw bales boilers in Serbia are in the range from 31 to 73%, while the excess air values, on the other hand, are in the range from 1.3 to 8.8%. These boilers are provided with a simple fire-box design and water cooled walls but they lack baffles. They are operated with high air excess values to achieve targeted heat outputs which as a consequence have low efficiency. These results show that there is a great margin for an improvement. As these boilers are in the low-cost segment, logical choice are low-cost solutions. Baffles represent one potential opportunity.
The usage of baffles was introduced by the Norvegian company Jotul in stoves design in the 1970s in the time of oil crisis. A baffle forces gases to take the longer path before exiting the combustion chamber. This is presented in fig. 1B . Similar design but with vertical baffle is presented in fig. 1D . Both mentioned designs have their simple forms presented in figs. 1A and 1C. It causes an increase in the pressure drop, however the effect on the extent of dead and re-circulation zones is still unknown. Combustion efficiency can be improved, either by better mixing of the reactants, increase of turbulence intensity or by gas temperature increase in the primary zone. Temperature barrier between primary zone and cooled parts of the furnace has to be introduces.
There is a common misconception that baffles increase the residence time per se, but the value that is actually increased is the gas flow path. In order to calculate the residence time, information about the velocity field is necessary [6] [7] [8] .
Temperature, turbulence, and residence time are the crucial factors which have to be taken into account when designing an efficient boiler furnace. An increase of the residence time leads to better combustion, a step closer to the complete one and also provides the possibility of using lower air excess values, which from the abovementioned measurements can in practice turn boiler into an air heater.
The resident time of effluent streams from real combustors varies, and one way to deal with this problem is by using distribution functions, i. e. by the introduction of statistical methods.
The residence or retention time in a combustion chamber without baffles can be estimated through the division of chamber volume with the volumetric flow rate. The question remains what is the extent of dead zones in which re-circulating eddies form. These are causing the lower effective volume and influence the residence time.
In the incinerator industry the residence time has been increased by the method of cyclonic flow induction which is achieved by appropriate locations and orientations of burners.
The ratio between the furnace volume that is occupied by flue gases and the furnace volume is in the range 0.8 to 1 for solid fuel combustion [9] . Therefore, one of the design goals is to increase this ratio as, in that case, time left for combustion is greater. This data is for larger boiler units, the ones that are used in industry and utilities.
The publications on performed tests on baffles are rare. Data is available from the producer Jotul. An experiment was organized in Canada, where two cast-iron stoves were installed in identical buildings 1.5 km apart. These stoves are schematically shown in fig. 1A and B. One unit was without baffles and provision of secondary air and the other was Jotul No. 118 that has horizontal baffle and a hollow door that serves a purpose of preheating air. Air in this stove is split in two streams through two ports on the inside of the door. The upper port is for secondary air, and the lower port is for primary air. Results showed that Jotul No. 118 consumed 0.12 cubic meters of wood per day, and conventional stove used 0.24 cubic meter.
Additional test results can be found in [8] , where results of a study in which large number of test is performed on different stoves. The conclusions drawn from the tests point out the unpredictability of the baffle effect, as there are so many design configurations possible. The results from one of the tests of two Scandinavian stoves are presented. These two stoves, which differentiate in size, are of the same design. The tests were performed with and without baffle presence, as well as over a range of power inputs. The results show the following effects. In a larger stove, baffle had little effect on any of the three energy efficiencies -combustion, heat transfer, and overall. In the case of the smaller stove, overall energy efficiency is improved by 2 percentage points. Figure 2 shows how many design variations baffle can create to a simple combustion/heating device -vertical drum stove. This type is not further analyzed and simulated in this paper.
Baffles are present in the contemporary design, which can be seen in a number of studies where this design detail is present [10] [11] [12] , as well as in the modern biomass boilers. In studies [13, 14] problem of maximizing residence time of combustion gases in the secondary chamber by improving firebox configuration and baffle locations is stated. In the [15] the flow in stoves with baffles is known under name S-flow. The residence time was studied in the 60 and 70-s [16, 17] . It is worth mentioning that the cold flow approach was implemented in [16] .
Method

Model description
In this study commercial STAR-CCM+ software is used. Its CFD solver is used for solving problems involving flow (of fluids or solids), heat transfer and stress. It has ability to tackle problems involving multi-physics and complex geometries.
Flow in combustion chamber is described by system of differential equations, Reynolds averaged Navier-Stokes equations:
As a result of Reynolds averaging additional terms appear -Reynolds' stresses.
Reynolds stress tensor:
where k is the turbulent kinetic energy. Eddy viscosity models use the concept of a turbulent viscosity to model the Reynolds stress tensor as a function of mean flow quantities.
Turbulent viscosity is defined as:
Closure of the RANS equation is obtained through solution of additional transport equations for scalar quantities that enable the turbulent viscosity to be derived.
Used realizable k-e turbulence model is a two-equation model in which transport equations are solved for the turbulent kinetic energy k (eq. 6) and its dissipation rate e (eq. 7). Difference between the standard and realizable k-e models is in inclusion of C m dependence of mean flow and turbulence properties.
The realizable two-layer k-e model combines the realizable k-e model with the two-layer approach: 
where 
Cold flow approach
Cold flow is known by other names: isothermal flow, non-reacting flow, and they all refer to modeling flow without taking into account the reactions.
In order to determine the effects of design parameters on combustion, researchers have frequently used cold-flow simulations. The examples are referenced in [18] , and these are works from the field of waste incineration [19] [20] [21] [22] [23] . The cold flow models are extremely useful, because they provide a reasonable amount of information while minimizing the complexities and efforts [18] .
It is obvious, however, that the real incinerator performance cannot be reproduced with cold-flow models. Some of the major problems include: the density variation of combustion gases (typically a function of the temperature and the combustion stoichiometry), the heat generation associated with the chemical reaction and the heat transfer between the wall, the waste bed and the combustion gases (probably with the products of incomplete combustion) [18] . Independently from the above stated, the recommendation has been made [24] to include dependence of gases density on height in the model. However, convergence difficulties have been present.
It is of importance to note the example from industry, in which Steinmueller, a renowned incinerator producer, relied heavily on extensive cold-flow modeling and in-furnace measurements to optimize the design and operation of their systems in order to ensure high temperatures and uniform mixing conditions [25] .
Residence time calculation
STAR-CCM+ uses Lagrangian/Eulerian framework [26] for describing multiphase problems. The physics continuum is a continuous phase whose governing equations are expressed in Eulerian form. The Lagrangian approach is applied for modeling of arbitrary number of dispersed phases. Particle-like elements known as parcels are followed through the continuum, with the state of each parcel updated according to a selected set of models and optionally recorded as a track.
These discrete phases can be with or without mass. In this paper massless phase has been utilized. These massless particles are moving with the continuous phase. They do not influence each other or the continuous phase. The velocity of the massless particle is equal to the one of the surrounding fluid:
Data about the particle flow is recorded in a file named particle track. Particle track can contain residence time and coordinates data. This data can be exported in commas separated format, where data for each particle track is given sequentially. For one particle track, for each substep, the residence time spent during this substep is calculated, by knowing the length of a substep path and velocity. This value is added to the previous value, thus the result is the particle residence time from the inclusion point to the current position. The coordinates are also recorded, thus they can be used to correlate residence time data with the length of particle tracks.
This data is analyzed in MS Excel. After the last residence time value for every particle track is extracted they are sorted for the purpose of the data analysis. Finally, the calculation of the average residence time is performed. The number of the total number of sub-steps changes from one to another particle track. Most of the particle tracks reach exit from the chamber, and some enter the stagnation or re-circulation zone.
Two parameters are of great importance for the residence time calculation: maximum number of substeps, and maximum residence time. When either of them is reached, the Lagrangian solver stops, and the last value calculated and recorded is treated as the residence time. In these simulations maximum number of substeps was 10000, and the maximum residence time was set to 100 s.
Description of geometry, mesh, and boundary conditions
Nine different geometry cases have been studied, each determined by the vertical position and the length of the baffle. In each case baffle extends from back side of the furnace. The dimensions are: 1´1´1 m (height´width´length). Model is three-dimensional. Figure 3 represents Scandinavian stove and fig. 4 . represents a simplified boiler furnace that utilizes baffle design. There is a difference in the place where the exit section is located. In fig. 3 it is positioned on the back side, and in the model it is on the top side. Additional difference is the point of entry of air. Air in the boiler furnace enters through the grate which is [7] represented by the bottom plane. The recommended furnace heat load per volume unit is taken from [27] for the hand stoked boilers. For the given heat load according air flows are calculated for different air excess values. They are 0.16, 0.24, 0.32, 0.40, and 0.48 kg/s.
The two main parameters determine the geometry. It is A which is the height at which the baffle is positioned in the firebox, and B which is the width of the baffle. 
Results and discussion
In the tab. 2. and the fig. 8 . results from the average residence time calculation are presented.
In tab. 3 and fig. 9 are represented the same results as in tab. 2 and fig. 8 , just in relative values. The base value is the residence time for the Case 0. These results show that baffles can cause an increase as well as a decrease of the residence time when installed. Values range from -17 percentage points to +13 for the CFD tested designs change relative to the case without baffles. Table 4 shows the influence of the baffle length on the residence time at different positions. For the case of baffles at the lowest position, a sharp drop in residence time is present with an increase of length, while at the medium height values vary slightly, and at the highest position a sharp rise is present. Table 5 shows the influence of the baffle position on residence time for different baffle lengths. At all lengths there is a trend of increase of the residence time when the baffle is installed higher. The longer the baffle the greater this increase is. Figures 10, 11 , and 12 present particle tracks for cases 0, 3, and 9. Here tracks are colored depending on the residence time value. These cases are chosen as they represent the base case, worst case, and the best case. The presented data are for the mass flow of 0.16 kg/s, and for the maximal residence time of 10 s. These figures explain the previous results, in which best case was Case 9 and the worst case Case 3. On fig. 11 a significant re-circulation zone above the baffle is present which influences the effective zone of the furnace. In figs. 13, 14, and 15 velocity fields for cases 0, 3, and 9 are presented, for the mass flow 0.16 kg/s. Velocity fields are represented for the central cross-section that halves the fur- The practice in Serbia shows that small boiler producers prefer not to use this measure. One can assume that tests could have been done with unsatisfactory results. The first reason for that is the increase in pressure drop. Baffles are in a way like a throttling device for hot gases. Therefore, in order to have the same air flow, the higher chimney has to be built or a fan must be installed. Without these measures, the situation deteriorates in respect of heat output. The second reason is concerning hot gas temperatures. As additional time is provided for their flow in a furnace, they can be cooled below the ignition temperature. In that case, even the perfect mixing and high excess air will not lead to combustion. This case is more realistic, since high excess air ratio leads to lower the adiabatic flame temperature. Water-cooled furnace walls additionally cool furnace. The recommendation for this case would be to introduction of lining is recommended, in order to prevent gas cooling below the ignition temperature. The lining should not cover the whole furnace.The preceding analysis points out the complexity of the problem. It states the factors that could cause negative effects of baffle installment. Apart from that, however, results presented in this paper show that also correctly sized and positioned baffles are important design variables. Baffles can cause residence time increase and combustion improvement only if properly installed.
Conclusions
For chemical reactors the residence time is an important factor, as it is for a boiler, whose combustion chamber is a reactor itself. The usual design of combustion chambers is of a prismatic form, with or without baffles. There are dead zones in which re-circulation eddies form, and decrease the effective volume of chamber, simultaneously decreasing the residence time. There is no formula to predict the extent of dead zones. The traditional way of measuring the residence time is by the tracer analysis. The applicability in the domain of combustion is somewhat difficult as, in contrast to chemical reactors, reactions do not take place in minutes or hours range, but in seconds. The usage of CFD and the virtual tracer massless particle are becoming a standard tool. Massless particle is an "ideal" tracer as it does not influence the flow at all, nor does it mix with it, or react with it. In this paper, the use of baffles in a combustion chamber, as one well-known technology for the combustion improvement, was put on test since there are no recommendations of its proper installation in regular textbooks and peer-reviewed papers. The results from the simplified model show that the most important variable is the vertical positioning of the baffle, whereas the length can increase and decrease the residence time. Having in mind these results, it is an open question whether boilers in Serbia in low-cost segment, which do not use this measure, should continue this practice. 
